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Abstract 
CuInS2 (CIS) solar cells were fabricated by spray pyrolysis method with different back contact electrodes of Al, Cu, 
Mo, Au, and C (carbon). The best conversion efficiencies of CuInS2 cells using Al, Cu, Mo, Au, and C back contacts 
were 1.96%, 2.17%, 2.08%, 1.87%, and 2.35%, respectively. The conversion efficiency of the cells using Al and Cu 
back contacts significantly deteriorated after one month keeping devices in air ambience. The device performance of 
the CIS cells using Au, Mo and Carbon is quite stable after one month.  The effect of back contact on each 
photovoltaic parameter has been confirmed by impedance measurements.  Carbon films were crack- free and showed 
adequate adhesion with the CuInS2 absorber layer.  The annealing temperature for carbon films is in the range of 125-
240 oC.  The cell parameters of the CIS cells using carbon back contact are Jsc = 10.36 mA/cm2, Voc = 0.50 V, fill 
factor = 0.44 and conversion efficiency = 2.35 %.  The resulting CIS solar cells, fabricated by spray-pyrolysis 
depositions for CIS layers and screen printings for carbon layers, are recognized as full non-vacuum fabricated solar 
cells. 
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1. Introduction 
In present, molybdenum (Mo) have been well-known as the best back contact electrode for 
applications in CuInS2 (CIS), CuInSe2 and Cu(In,Ga)Se2 substrate-structured solar cells because Mo 
satisfies a requirement for back contact electrode as inertness under highly corrosive ambience during the 
absorber layer deposition [1-5].  On the other hand, Goosense and Hofhuis have investigated superstrate-
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structured CIS solar cells [6].  On the top of the CIS layers, Au back contacts have been deposited for 
finishing the devises.  This process does not deteriorate the back-contact electrode by corrosion and can 
select another material.  Hence, the investigation of back contacts, excepting Mo, for applications in solar 
cells is necessary.  Moreover, although the investigation by Goosens and Hofhuis was about spray-
deposited CIS layer, the Au back contacts have been deposited by vacuum deposition [6].  The Mo back 
contact electrodes also have been deposited by vacuum methods such as sputtering or electron beam 
evaporation [5, 7].  However, the vacuum methods are slow process speed because it needs a long time 
for pumping high vacuum.  Hence, if back contact materials can be fabricated by non-vacuum method, it 
will be very advantageous for fabricating solar cells.  
In this paper, we concentrate on the investigation of CIS solar cells deposited by spray pyrolysis 
using various back contacts of Al, Cu, Mo, Au, and C (carbon).  Among these back contacts, Mo, Au and 
C showed better conversion efficiencies and durability. Especially, the achievement of significant cell 
performance with carbon back contact is very interesting in the application of full non-vacuum fabricated 
solar cells.  Hence, fabrication process of carbon paste, microstructure, and electrical properties of carbon 
back contact were thoroughly investigated.   
 
Experimental 
     Carbon powder (Printex L6, Evonik Company) was used for making paste. The liquids such as water 
and ethanol were injected drop by drop into an alumina mortar. Most process was carried out at room 
temperature in air ambient.  In this experimental, 0.5 g TiO2 was added to improve the adhesion of the 
carbon paste after screen-printing on CIS films. The process of fabricating carbon paste is mostly similar 
to that of the reported TiO2 paste [8].  The structure of superstrate solar cells is back contact 
electrode/CIS/In2S3/TiO2/FTO/glass.  The fabrication processes of spray-deposited CIS solar cells were 
described in our previous manuscript [9].   
     Cu, Al, Mo back contacts were deposited by rf-magnetron sputtering at room temperature with a 
pressure of 0.5 Pa in argon ambience. These back contacts are the same thickness, around 500 nm. In the 
case of Au, 15 nm-Au back contacts were deposited by evaporation method in vacuum ambience with 
pressure of 2 × 10-5torr. Carbon back contacts were coated on CIS absorber layer by screen-printing 
method, and kept in a clean box for 3 min with ethanol for reducing the surface irregularity, and then died 
at 125 °C for 6 min. The thickness of carbon for one time screen printing is around 5-10 Pm. For the 
carbon back contact being thicker than 10 Pm, this process is repeated to obtain the desired thickness. The 
area of all cells with different back contacts is 25 mm2 (= 5 mm u 5 mm). 
    The surface morphology and cross-section of carbon back contact were viewed by scanning electron 
microscopy (SEM; JSM-6510, JEOL, Japan). Sheet resistance was measured by four-probe system 
(Moresta-EP MCP-J360, Mistubishi chemical).  The impedance spectra were analyzed by an 
electrochemical analyzer (SP-150, Bio-logic SAS).  Photovoltaic measurements employed an AM 1.5 
solar simulator equipped with a xenon lamp (Yamashita Denso, Japan).  The power of the simulated light 
was calibrated to 100 mW/cm2 by a reference Si photodiode (Bunkou Keiki, Japan). I–V curves were 
obtained by applying an external bias to the cell and measuring the generated photocurrent with an 
APCMT Japan 6240 DC voltage current source.   
 
Results and discussion 
In order to compare the effect of alternative back contact materials on photovoltaic properties of 
CIS solar cells, the  superstrate CIS solar cells with different back contact materials such as Au, Al, Cu, 
Mo, and C (carbon) were prepared. Figure 1 shows the photocurrent density-voltage curves of solar cells 
using different back contact materials. From the results, CIS solar cells with carbon back contact showed 
the best photovoltaic properties, namely, higher photocurrent density (Jsc) in comparison with another. 
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The cell parameters determined from the I-V measurement were shown in the Fig. 2. For checking the 
reproducibility of the cells, the photovoltaic properties were measured on three cells for each back 
contact. About the metal elements deposited using vacuum methods, Mo back contacts showed better fill 
factors (FF) than others (see Fig. 2(c)). The conversion efficiencies (K) of the CIS solar cells using Al, 
Au, Mo, and Cu back contact electrodes were 1.96, 1.87, 2.08, and 2.17 %, respectively. However, the 
cells using carbon back contact, which were prepared by screen printing in air ambience, showed the best 
short-circuit photocurrent density of 10.80 mA/cm2 and conversion efficiency of 2.35 % (as shown in Fig. 
2(b) and 2(d)).  In order to consider the stability of CIS solar cells using different back contact materials, 
the solar cell parameters were measured again after one month from the fabrication. The samples were 
kept in air ambience at room temperature. The results are depicted in Fig. 2. The cell parameters of the 
CIS cells using Mo, Au, and C back contact insignificantly changed after one month. Conversely, in the 
case of the cells using Al and Cu back contact, the cell parameters were strongly decreased, especially Cu 
back contact. For instance, Voc, Jsc, FF, and K of the cells using Cu back contact measured immediately 
after preparation were 0.508 V, 9.22 mA/cm2, 0.48 and 2.17%, however, these parameters after one 
month were deteriorated to 0.44 V, 4.76 mA/cm2, 0.27 and 0.58%, respectively. The degradation of the 
cells using Al and Cu back contact may be the oxidation of Al and Cu back contact during keeping these 
samples in air ambience. As result, Cu and Al are not suitable for applications in back contact electrodes 
of CIS superstrate solar cells.  Surprisingly, the stability of the solar cells using carbon back contact 
coated by screen-printing method is quite good after one month keeping in air ambient.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
To analyze the effects of back contact electrodes, electrical impedance measurements were 
performed (Fig. 3(a)).  Although the back contacts were not the main parts in CIS solar cells, the 
differences in the impedance spectra were apparent.   Each semicircle was fitted by an equivalent circuit 
to analyze the resistance and capacitance elements (figure 3(b)), which has been used for dye-sensitized 
solar cells [10].  The relationships of VOC-RP and JSC-CPE were depicted as Fig. 3(c) and 3(d), 
respectively.  Basically, the parallel resistance (Rp), which can be called as “shunt resistance”, increases 
with VOC [11-12].  Therefore, the tendency of back contact variation in metal elements (Fig. 3c) can fit to 
the theoretical understanding of the solar cells physics.  About the relationship of JSC-CPE (Fig. 3(d)), the 
carbon back contact produced larger CPE and JSC than other metal elements.  The relation would depend 
on the connections between CIS layers and back contact electrodes.  Conformal connection will provide 
Figure 1: Photocurrent density-voltage 
curves of CIS solar cells with different back 
contact materials. 
Figure 2: Variation of open-circuit voltage (a), short-circuit photocurrent 
density (b), fill factor (c) and conversion efficiency (d) of solar cells with 
different back contact materials.     
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high CPS and JSC.  However, the value of CPS and JSC will decrease with hole and cracks at the interface 
between CIS layers and back contact electrodes.  Since the surface of spray-deposited CIS layers were so 
rough [9], the vacuum-deposited metal layers may have cracks and voids in the layer.  On the other hand, 
the carbon ink for back contact printing would fit in the cracks and holes, resulting in the high CPE and 
Jsc.    
The thickness of Au is thin (15 nm).  However, since the sheet resistance for these films is 
comparable with each cell, we thought it is enough for back contact.  In order to check sheet resistance of 
these films, we deposited Au films on glass substrate (dielectric material) with the same condition. The 
sheet resistance of Au films on glass was below 10 :/ . 
 
 
 
 
 
 
 
 
 
 
Figure 3: Impedance spectra of CIS solar cells (a); an equivalent circuit to analyse impedance spectra in Fig. 3 (b); relationships of  
Rp-Voc (c) and CPE-Jsc (d) of CIS solar cells with different back contact materials.  Rs, CPE and Rp represent series resistance, 
constant phase element (equivalent electrical circuit component that models the behaviour of an imperfect capacitor) and parallel 
resistance, respectively. 
 
In order to optimize the sheet resistance of carbon films with thickness, the carbon films were 
coated on the insulating glass substrates by screen-printing method, and then annealed at 125 °C for 10 
min in air ambience after screen-printing. Figure 4 shows the dependence of the sheet resistance on the 
film thickness. In the range of 10-40 Pm, the sheet resistance strongly decreased with the increase of 
carbon film thickness; the sheet resistance were changed from 31.7 :/  (at 10 Pm) to 11.4 :/  (at 40 
Pm).  The sheet resistance of carbon films with the thicknesses reached to the plateau at 40 Pm.  From the 
results, 40-50 Pm carbon films are the most appropriate for back contact electrodes in solar cells because 
of the lower sheet resistance.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Variation of sheet 
resistance of carbon films annealed 
at 125 °C for 10 min with different 
thicknesses. Figure 5: Variation of open-circuit voltage (a), short-circuit 
photocurrent density (b), fill factor (c) and conversion efficiency (d) 
of solar cells with different carbon back contact thicknesses.   
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Figure 5 shows the photovoltaic properties of solar cells using carbon back contact with different 
thickness. All samples were annealed at 125 °C for 10 min after screen-printing carbon back contact.  The 
short-circuit photocurrent density and the fill factor were gently increased, and the solar cells with 40 Pm-
carbon back contact showed the best Jsc and FF, around 10.82 mA/cm-2 and 0.44.  From Fig. 5(d), the 
resulting conversion efficiency increased with increasing carbon electrode thickness. The best efficiency 
of 2.37% was observed at carbon thickness of 40 Pm, which was the optimal condition for the 
applications in the superstrate-structured CIS solar cells.   
To analyse the effect of annealing temperature on the photovoltaic properties of CIS solar cells, the 
carbon films after screen-printing on CIS absorber layers were annealed at different temperature of 125, 
200, 250 and 300 °C for 10 min. The purpose of annealing is to remove solvent (Į-terpineol) in carbon 
films leading to decrease sheet resistance.  For the samples annealed at 125, 200, and 250 °C, J-V curves 
were insignificantly changed with annealing temperature, and the photovoltaic parameters are Jsc = 10.36 
mA/cm2, Voc = 0.50 V, ff = 0.44 and Ș = 2.30%.  So, the annealing temperature up to 250 °C did not 
affected on the PV characteristics.  However, when the annealing temperature was increased up to 300 
°C, the photovoltaic parameters were significantly degraded, and cell parameters were Jsc = 10.08 
mA/cm2, Voc = 0.50 V, FF = 0.35, and K = 1.70%. Hence, the annealing treatment did not affect positively 
on photovoltaic properties of solar cells. In the case of annealing at 300 °C, the reduction of the 
photovoltaic properties may be due to the effect of annealing temperature on In2S3 buffer layer because 
In2S3 is rather unstable at high temperature [13]. As result, the annealing temperature for carbon back 
contact on superstrate CIS solar cells is optimal in the range of 125-250 °C. 
 
Conclusions 
Superstrate CIS solar cells using Mo, Au, and C back contact show better stability in the 
photovoltaic characteristics than other elements (Al and Cu).  Among these back contacts, the best 
performance of the CIS cells was observed at carbon back contact, the optimized cell parameters are JSC = 
10.36 mA/cm2, VOC = 0.50 V, FF = 0.44 and K = 2.30%.  Suitable annealing temperature for carbon back 
contact after printing on superstrate CIS solar cells is in the range of 125-250 °C. The optimal thickness 
of carbon back contact observed was 40 Pm.  Carbon becomes a promising candidate for the back contact 
applications for the spray-deposited superstrate CuInS2 solar cells, resulting in the full non-vacuum 
fabricated solar cells.  
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